Objective: We measured the long-term retention of knowledge gained through selected American Academy of Neurology annual meeting courses and compared the effects of repeated quizzing (known as test-enhanced learning) and repeated studying on that retention.
Continuing medical education (CME) comprises a major component of both maintenance of certification and maintenance of licensure in most states. 1, 2 The rationale behind this position is that life-long learning is a critical part of professional development. 2 The American Academy of Neurology (AAN) is a major source of CME for neurologists in the United States. Each year, thousands of neurologists spend considerable time and money to attend the annual meeting of the AAN in order to meet their CME requirements and to learn about the latest advances in the field. In order to better meet the educational needs of practicing neurologists, the AAN has developed interactive education sessions such as NeuroFlash and Morning Report sessions. 3 NeuroFlash sessions use audience response systems to engage learners in presentations about recent developments in a topic. Morning Reports use a case-based discussion format to explore challenging clinical scenarios. These new formats focus not only on facts but on the clinical application of those facts, which is a key part of the definition of competence used for accreditation of CME courses. 4, 5 Although increasing interaction during these sessions is a good educational strategy, a single, brief exposure to information may not be enough to produce robust long-term retention over time. 6 This newly acquired knowledge must be maintained in order for these courses to achieve the goal of producing enduring changes in competence.
One possible intervention that may improve retention of the knowledge gained from these courses is test-enhanced learning. Test-enhanced learning is a concept based on the finding that retrieving information from memory increases retention of that information over time. 7, 8 Although memory retrieval is often thought of as a neutral event, the act of retrieving information from memory actually changes memory by strengthening it. 9 Activities that incorporate retrieval practice, such as tests or quizzes, are potent learning tools that can produce robust long-term retention. Studies using medical students, residents, middle school students, and older adults have all shown benefits in knowledge retention using this technique. 6, [10] [11] [12] [13] [14] However, the effects of test-enhanced learning have not been investigated in CME settings.
Another possible intervention for promoting retention after CME courses is to simply provide additional exposure to information through repeated study. Several studies of CME have shown that multiple exposures to information increases retention relative to a single exposure. 15 Repeated study may also be easier to implement because generating activities to provide retrieval practice (e.g., quizzes and tests) after CME involves substantial investments of time. In order to assess the benefits and costs of these 2 potential interventions, we sought to directly compare them. In this study, we investigated how repeated retrieval via quizzes vs repeated studying of the material affects the long-term retention of knowledge gained through CME courses at the AAN annual meeting. We also included a control condition in which no further exposure to the material was provided in order to assess how much of it would be retained without any postcourse intervention.
METHODS Courses and participants. Participants were recruited from 4 courses presented during the 2012 AAN annual meeting held in New Orleans, Louisiana. The 4 courses were NeuroFlash Epilepsy, NeuroFlash Child Neurology, Morning Report Multiple Sclerosis, and Morning Report Challenging Headache Cases. The courses were chosen because they had high levels of attendance in previous years and represented a variety of topics. We anticipated that based on these attendance trends we would be able to recruit an adequate number of participants to achieve meaningful results based on the sample sizes required in previous studies. 6, 10, 11 All preregistered course participants were eligible for the study. If participants had previously opted out of receiving surveys from SurveyMonkey.com or did not have a valid e-mail address, they were not included in the number of individuals invited to participate in the study.
Standard protocol approvals, registrations, and participant consents. Preregistered participants were invited by e-mail to participate prior to the course. If participants chose to enroll in the study, an information screen was provided explaining the study and informing participants that the choice to participate constituted consent. Participants were offered the opportunity to be included in a drawing for a free course from the AAN as compensation for their participation. Six free courses were offered by drawing for each course in the study. Due to law, only legal residents of the United States could be included in the drawings. Nonresidents of the United States had to waive their participation in the drawing in order to participate. The study was approved by the Washington University in St. Louis Institutional Review Board.
Materials. For each course, the instructor and the first author identified the key information points from the material that would be taught to participants. The number of key information points covered in a course ranged between 36 and 58. Using these information points, a set of short-answer questions and corresponding answers was created for each of the 4 courses. The questions were used to construct a pretest, learning quizzes, and a final test for each course. The answers to the questions were used to provide feedback on the learning quizzes. For each question and answer, a corresponding review statement was created that presented the information points as facts to be studied. The review statements covered the same material as the questions and answers; the only difference was that the question and answer were rewritten to read as a statement. An example short-answer question from the multiple sclerosis course was "What are the 3 characteristics of MRI findings on an initial scan that satisfy the criteria for dissemination in time?" Participants then were required to list those characteristics. The corresponding review item was simply a statement of the 3 characteristics of MRI findings on an initial scan that satisfied the criteria for dissemination in time. All materials were delivered to participants via SurveyMonkey.com. Once the pretests were scored, the set of questions was divided into thirds to create 3 practice quizzes. The questions were stratified by how frequently they were answered correctly on the pretest so that each of the follow-up learning quizzes was roughly the same level of difficulty. The final test was identical to the pretest.
Procedures. All individuals who were registered for each of the 4 courses were invited to participate in the study via e-mail. Individuals who chose to participate accessed the pretest via a Web link in the invitation e-mail. All pretests were scored prior to the course. Materials for each course were divided into thirds in a stratified fashion based on the pretest score so that each third was relatively equivalent in difficulty. The items were then randomized in a counterbalanced fashion to be learned by each participant in 1 of 3 follow-up activities: repeated testing as a quiz item, repeated study as a review item, or no further exposure. The counterbalancing ensured that each third of the material was equally assigned to all 3 learning activities across participants. Participants were also stratified based on their pretest scores to ensure that mean pretest performance was close to equivalent across the different follow-up activities for each third of the material. Using this within-subjects, counterbalanced design, each participant took part in all 3 of the follow-up activities and each item was learned in each of the 3 different activities.
Immediately after the course was completed, participants received a Web link by e-mail to the initial set of follow-up activities. Participants first completed the learning quiz, then they studied the review statements for the material assigned to repeated study, and finally they received the answers to the questions on the learning quiz as feedback. Participants had approximately a week to complete the follow-up activities. They received 3 more quizzes and review statements at weekly intervals. The material covered in the quizzes and review statements was the same each week, but the order of presentation of the information points was different from week to week. Approximately 5.5 months after the course, all participants took the final test, which covered all of the course material.
Scoring and analysis. Each item on the pretests and final tests was scored as correct or incorrect by 2 individuals (D.P.L. and W.Y.A.). Differences were resolved by discussion until a consensus was reached. The kappa statistic measuring interrater reliability was high (k 5 0.94). Given the high rate of agreement, the practice quizzes were scored by a single individual (W.Y.A.). The results from all 4 courses were combined for statistical analysis. Final test scores were analyzed using a repeated-measures analysis of variance (ANOVA) followed by planned post hoc comparisons using paired-samples t tests. A Bonferroni correction was used to correct for multiple comparisons when analyzing the final test results. Effect size was determined using h 2 for the ANOVA and Cohen d for the t tests. Statistical analyses were performed using SPSS 21 software (SPSS, Chicago, IL).
RESULTS Participants. A total of 251 individuals registered for the 4 CME courses and were invited to take the pretest beforehand (see table 1 for values divided by course). An additional 20 individuals who were preregistered had either opted out of receiving surveys from SurveyMonkey.com or did not have a valid e-mail address and were therefore not counted in the number of individuals who received the invitation because they were not contactable. Ninety-six individuals completed the pretest and were randomized to the various conditions. Forty-one individuals initiated the final test. Three individuals initiated the final test but did not complete it and 3 individuals completed the final test but had not taken any of the follow-up learning quizzes; these 6 individuals were not included in the data analysis. The remaining 35 individuals who had both completed the final test and had completed at least one set of follow-up activities (i.e., learning quiz and review statements) were included in data analysis. Of these participants, 20 completed all 4 sets of follow-up activities, 6 completed 3, 6 completed 2, and 3 completed 1.
Pretest scores, initial learning, and review frequency. The mean pretest score across all 4 courses was 36% (see table 2 for scores by course), indicating that participants had relatively little knowledge of the content covered beforehand. Mean score on the initial learning quiz across all 4 courses was 57%, which suggests that participants gained a substantial amount of knowledge from the CME courses. Although each follow-up learning quiz covered only one-third of the material for the course, the average across all of the initial quizzes provides a rough estimate of the level of retention soon after completion of the course.
To assess the degree of engagement of participants in studying the review items as well as studying the answers to the quizzes, they were asked at the end of each set of follow-up activities how many times they had read through the review items and the answers to the quiz items. On average, participants read through the review items 1.90 times and read through the answers to the quiz items 1.54 times (see table 3 for frequency of review by course). Of note, participants in the Challenging Headache Cases course and the Child Neurology course tended to read through the review items and the quiz answers fewer times than the other 2 courses.
Final test scores. Final test scores were analyzed as a function of the learning activity to which each portion of the material was assigned. Participants scored an average of 55% correct on questions about material that was learned through repeated quizzing (see table 2 for results by course). For material that was learned through repeatedly studying the review statements, participants scored an average of 46% correct. For material that participants had no further exposure to after the course, they scored an average of 44% correct (figure). A repeated-measures ANOVA showed a main effect of learning condition ( DISCUSSION The AAN has invested significant time and money in developing CME courses. Our study shows that these courses address important needs of its members. The courses were effective in producing short-term knowledge gains. Participants only were able to answer 36% of questions correctly on the pretest. The scores on the initial learning quizzes, which approximate the immediate effect of the course on learning, showed a substantial increase in knowledge, with participants answering 57% of the questions correctly. Although higher scores might have been expected so soon after taking the course, this finding is generally consistent with the rate of short-term retention in lecturebased courses. 6, 16 The direct comparison of the initial learning quiz performance with the pretest should be interpreted with caution because each participant only reanswered some of the questions; that said, all participants took the same course and when combined across participants the initial quiz questions cover all of the course material.
With respect to long-term retention, our study showed that some of the knowledge gained from the CME courses was retained 5.5 months later even without any further exposure. Final test performance on the material for which participants had no further exposure after the course was 44%, which represents an increase when compared to the pretest performance. However, the degree of this learning is probably less than most CME organizers would hope to achieve. If the initial learning quiz performance is used as a benchmark for the postcourse level of knowledge, then some of the material was forgotten over time. This finding is consistent with other studies that have shown similar forgetting effects. 6 We found that additional exposure to the course materials through repeated studying led to a similar level of retention as having no further exposure after the course (final test scores of 46% compared with 44%). Although this finding is different than some CME studies that have shown a benefit of repeated exposure, it is consistent with findings of other studies that have compared repeated studying and repeated testing. 9 Continuing to repeatedly study once the information is initially learned may not be an effective learning strategy.
On the other hand, repeated quizzing of the course material produced much better long-term retention relative to repeated studying or no further exposure. The improvement from the pretest to the final test was almost twice as large for repeated quizzing compared to the 2 other learning activities. In addition, we found very little forgetting of material that had been repeatedly quizzed from the initial learning quiz to the final test. These findings are consistent with a growing body of evidence that testenhanced learning consistently produces superior retention over the long run. 6, [10] [11] [12] [13] [14] The test-enhanced learning literature suggests that to maximize the mnemonic effects of testing, the following 5 principles should be followed: (1) tests should arise from educational objectives, (2) questions should require the generation of answers rather than the recognition of answers, (3) testing should allow for repeated retrieval practice, (4) repeated tests should be adequately spaced so as to require effortful Table 3 Average numbers of times participants read review items and quiz answers (7) 17 (18) 32 (15) 46 (6) 14 (12) 24 (13) 37 (8) 13 (19) Child neurology (n 5 3) 26 (19) 41 (23) 15 (19) 32 (8) 44 (14) 12 (21) 30 (3) 36 (5) 6 (6) Average (n 5 35) 37 (15) 55 (19) 19 (18) 39 (15) 46 (15) 7 (17) 35 (13) 44 (17) 9 (17) retrieval, and (5) feedback should be provided after each test. 17 Our testing regimen incorporated these principles. Questions were generated directly from the course materials, and instructors reviewed the questions to ensure that the important ideas were captured. Our tests used short-answer questions that required participants to generate the answers from memory. Although recognition questions have improved retention in some studies, other studies have found that test formats that require the more effortful generation of answers produce even better retention. 18, 19 Rather than take a single test, participants in our study took 4 learning quizzes on a weekly basis. Prior studies have shown that testing has a dose effect and that repeated tests are better than single tests. 20 In addition, spacing repeated tests over weeks and months is likely to produce better retention over months and years than if tests are grouped more closely together. 21 Finally, the act of testing alone improves retention even without feedback, but feedback greatly accentuates the mnemonic benefits of testing. 22, 23 In our study, participants received the answers to the questions as feedback after they had completed the quiz and studied the review statements about the other material. This approach is consistent with findings that delaying feedback further enhances its effects on learning. 24 Our study demonstrates the potential benefits of using test-enhanced learning in a CME setting, but it also has some limitations. One limitation is that there was considerable attrition of participants over time, which led to a relatively small sample size. Ninety-seven individuals took the pretest, but only 35 individuals completed at least one of the practice quizzes and the final test. Many of those who completed the final test did not complete all 4 practice quizzes. The large attrition rate may limit the generalizability of our results because only the most motivated individuals may have completed the study. Nevertheless, the fact that a significant effect was obtained with such a small sample and without everyone completing all practice quizzes speaks to the potentially powerful effects of test-enhanced learning. Our results may underestimate the potential effects that repeated testing could have if individuals were more motivated to engage in postcourse learning activities. However, our study must be considered exploratory given the small numbers.
Another limitation of our study was that it included only 4 CME courses. Given this relatively small selection of courses, it is possible that our results might not apply to all courses offered. However, it should be pointed out that the courses used in the study varied greatly in terms of subject matter and the instructor's method of teaching. In addition, the extensive literature on test-enhanced learning has shown that the benefits of practicing retrieval hold across many different types of material and settings. Thus, our results would indicate that other CME courses could benefit from the incorporation of testenhanced learning principles.
The retention of information measured on our quizzes and final tests is similar to other studies that have measured the retention of lecture-type courses. 6, 16 However, it should be noted that question format and difficulty of the questions may influence how high or low the absolute percentage correct may be for any given quiz in a course. More difficult or detailed questions may result in lower scores. Despite this fact, our findings indicate that repeated quizzing appears to be beneficial even when questions are difficult. Also, while the pattern of our results was consistent across courses, the degree of benefit from repeated quizzing was variable. Both the Challenging Headache Cases course and the Child Neurology course showed a small benefit to repeated quizzing. Both of these courses had very small numbers of participants who completed the study, making firm conclusions difficult to draw. The relative difficulty of the materials in various courses may have played a role as well as the degree of engagement with those materials. Participants in these courses also tended to read the answers to quizzes and the review items fewer times than participants in other courses, indicating that they may not have put as much effort into the learning process and many not have received as much of a benefit. A final limitation of our study was that we used the same questions for the pretest, the practice quizzes, and the final test. Thus, we focused on the retention of knowledge rather than the ability to apply this knowledge in different contexts (i.e., transfer of learning). Demonstrating that participants in a CME course can retain at least the basic facts presented in the course is an important first step in investigating test-enhanced learning in CME. The information presented and retained in these courses was clinically oriented and applicable. Other studies have shown that knowledge retained through repeated testing can be applied to novel circumstances. 25, 26 Therefore, we anticipate that the additional knowledge retained by course participants through repeated quizzing should benefit their clinical practices.
Physicians spend considerable time and money taking CME courses such as those offered at the AAN annual meeting. In order to optimize physicians' return on their investment in these courses, organizers should use evidence-based interventions to increase long-term retention. This exploratory study may offer some suggestions for how learning in CME courses can be optimized. Our study shows that participants acquired knowledge from taking the CME courses that we studied, but much of this knowledge was forgotten over time, resulting in a small overall gain. Repeatedly studying the material from the course did not confer much additional benefit. However, repeated quizzing of the material helped physicians to retain more of the knowledge that they learned from the course. CME organizers may consider implementing repeated, spaced quizzes after their courses in order to optimize retention-the resulting increase in long-term retention of knowledge could make a difference in clinical practice.
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